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ABSTRACT

ZAM is an long terminal repeat (LTR) retrotransposon
from Drosophila melanogaster that bears striking
resemblance to the vertebrate retroviruses, in their
structure and replication cycle. This element trans-
poses via an RNA intermediate and its reverse tran-
scription, and ultimately inserts copies within the
germ line. In this paper, we show that intercellular
communication established between the germ line
cells and the somatic follicle cells is used to initiate
the replication cycle of ZAM. ZAM has been shown to
be transcribed in the follicle cells located at the pos-
terior pole of the oocyte. Here, we determine the
cis-regulatory elements necessary for its somatic
expression, and show that they respond to the EGF-
receptor signaling pathway and its activation by the
ligand Gurken emitted by the germ line. We further
show that the ETS-transcription factor Pointed2
acting downstream of this pathway acts as a trans-
regulatory factor and targets a specific cis-regulatory
binding site located within the ZAM LTR. Our data give
an insight into the molecular mechanism for how
intercellular communications between germ cells
and somatic cells may be used by endogenous retro-
viruses to control their replication, and thereby
specify their intrinsic andhighly restricted expression
in the reproductive apparatus.

INTRODUCTION

LTR retrotransposons share structural and functional homo-
logies with the proviral form of vertebrate retroviruses and
form a large and widespread family of mobile genetic ele-
ments present in all eukaryotic genomes studied so far. When
active, these elements propagate by reverse transcription of
RNA intermediates. The synthesized cDNA copies insert
themselves within their host genome, which results in the

inactivation or activation of genes located in the vicinity.
These transpositions can then be a major source of mutations
and as such contribute to the induction and/or enhancement of
pathological processes. Nevertheless, retrotransposons are
ancient constituents of eukaryotic genomes, indicating that
their transposition is tightly controlled so as not to be too
deleterious, and that they have now reached a status and a
life cycle compatible with their own host’s life cycle. In that
respect, they constitute an adequate system to study interac-
tions that should exist between these potentially mutagenic,
parasite-like elements and their host.

Although their control at different steps of their replication
cycle can limit transposition, transcriptional initiation is the
first rate-limiting step in this process. Thereby, LTR retro-
transposons display a strict pattern of expression, confining
their transcription to some very specific tissues (1–5). Such
specificities involve interactions between host-encoded, trans-
regulatory proteins and complementary cis-regulatory protein
binding sites located within the retrotransposon (6).

For the past few years, our laboratory has been engaged in
studying the control of an LTR retrotransposon, ZAM from
Drosophila melanogaster, that is similar in structure and repli-
cation cycle to mammalian retroviruses (1,7). This element is
generally present with a very low copy number (not exceeding
two copies) in the lines studied. However, one line called Rev
exists in which this control has been disturbed, resulting in a
high expression of ZAM and an increased mobilization rate. In
the process of analyzing this control, we have found that ZAM
expression is subject to two types of controls: one restricts its
expression to specific somatic cells in the ovaries; the other
silences this expression in most of the lines tested but not in
‘Rev’. We previously reported that this latter control, which
depends on the genetic background of the line, is controlled by
an heterochromatic locus located in 20A2-3 on the X chromo-
some (8). However, we had not investigated the molecular
basis of its control that restricts expression to a specific subset
of somatic cells located at the posterior pole of the oocyte and
that was only observed in the Rev line when silencing is
abolished. In this study, we carried out an in-depth analysis
of the intrinsic regulatory properties of ZAM and the host-
encoded factor that defines this strict tissue specificity.
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The expression pattern of LTR retrotransposons is partly con-
trolledbysequences located incis, on the retrotransposonproper
and generally on the LTR. The LTRs are composed of a U3
region, a central R and a U5 region. The transcription initiation
site defines the boundary between U3 and R regions. The poly-
adenylation site corresponds to the boundary between R and U5
regions. We have found that the first 190 bp of the U3 region of
ZAM can drive expression of reporter genes in a pattern that
reproduces the ovary expression pattern of endogenous ZAM
elements. This establishes this 190 bp as a short and defined
enhancer. We used this accessible system to identify factors
involved in the transcriptional specificity. Since ZAM is tran-
scribed in the follicle cells located at the posterior pole of the
oocyte,wefocusedourattentiononDrosophila-encoded factors
known to be necessary for the differentiation of these cells.

During Drosophila oogenesis, cell–cell signaling occurs
between the germ-line-derived oocyte and the somatically-
derived follicle cells that surround it. The follicle cell layer
becomes polarized along the anterior–posterior axis when the
oocyte induces the follicle cells at one end of the egg chamber
to adopt a posterior rather than an anterior fate (9). This induc-
tion requires Gurken in the germ line and the Drosophila
homologue of the epidermal growth factor receptor, EGFR,
in the soma (10,11). Gurken is thought to bind directly to the
EGFR to activate a typical receptor tyrosine kinase signal
transduction cascade that specifies posterior fate (12,13).
Some of the effectors and target genes of EGF receptor path-
way have been identified (14–16). One of them is an ETS
transcription factor encoded by the pointed gene that is
expressed in response to activation of the EGF receptor path-
way, and brings about its negative regulation (17).

The present study has revealed a connection between
EGF receptor signaling and regulation of ZAM expression.
Indeed, we have shown that the EGF receptor pathway is
necessary for the expression of ZAM in the posterior follicle
cells. The transcriptional factor involved has been identified as
the Pointed2 protein, an ETS-binding protein that is able
to bind an ETS-binding site located at position 79 on the
ZAM sequence.

MATERIALS AND METHODS

Fly stocks

The fly strains used were w1118 an S-line in which ZAM is
silenced, and Rev, a U-line in which ZAM expression is active
(both from the collection of INSERM U384); [hs-FLP 12, FRT
42D topCO, FRT 42D hs-myc] (18); pntD88 (19); UASpntP1,
UASpntP2 (20); GAL 4 line 55B (15); [w1118 70FLP; cu kar2

Sb/TM6, Ubx eS] (kindly provided by Kent Golic); [w1118;
Pfw +mC =UAS-GFP.nls}14], [w1118; Pfry + t7.2 = neoFRT}
82B Pfw + t* ry + t* = white-un1}90E], [w*; Pfry + t7.2 =
neoFRT}82B Pfw + mC = Ubi-GFP}83] (Bloomington Stock
Center). To obtain the pntD88 allele together with an FRT site
on the third chromosome, meiotic recombination assays were
generated in a set of crosses involving two fly stocks: the
pntD88 stock from the name of its mutated allele and [w*;
Pfry + t7.2 = neoFRT}82B Pfw + t* ry + t* = white-
un1}90E]. The pZ499, pZ310 and pZ190 transgenic lines
were obtained by injection of pZ499, pZ310 and pZ190
transformation vectors into w1118 flies. These transgenic

lines were established with the X chromosome of Rev unstable
line and autosomes of w1118 line. Flies used for analysis of
expression were raised and kept at 25�C.

Generation of clones

We used FRT/FLP techniques to generate clones of follicle
cells homozygous for a null mutation in the EGFR gene, topCO

(18,21,22), or a null allele of pointed, pntD88. Females with
genotypes [hs-FLP 12; FRT 42D topCO/FRT 42D hs-myc;
ZAM-LTR/+] and [hs-FLP 70; ZAM-LTR/+; FRT 82B
pntD88/FRT 82B Ubi-GFP], respectively, were fed yeast for
24 h, heat shocked for 1 h in a 37�C water bath and placed back
in yeasted vials at 25�C for 60 h. Females [hs-FLP 12; FRT
42D topCO/FRT 42D hs-myc; ZAM-LTR/+] were then heat
shocked again for 1 h at 37�C to induce expression of the
myc tag. Females were dissected and fixed 1.5–2 h later.

DNA constructs

The pZ499 also called ZAM-LacZ has been described by
Desset et al. (8). Sub-fragments of ZAM-LTR were amplified
by PCR using primers Cliqt35 (50-AGTTACCGACCCAT-
CG-30) and ZAM190CiBam (50-CGGATCCGTATGCGTTG-
TTCTGTCTGAG-30) for pZ190 construct, and Cliqt35 and
ZAM 8271Ci (50-CGAATTCGTCTTAAATGGGCTAA-
CAG-30) for pZ310 construct. The ZAM-LTR fragments
extending, respectively, from nucleotides 1 to 190 and 1 to
310 were inserted into the EcoRI site of the pLacZ vector
carrying the Escherichia coli LacZ gene and the minimum
Hsp70 promotor. These constructs called pZ190 and pZ310
were injected into w1118 flies, and a minimum of two inde-
pendent transgenics lines were established. Then, by crosses
with the Rev line, these transgenes were put in a genetic
background allowing ZAM expression.

Histochemical staining for b-galactosidase

Ovaries were dissected in 1· phosphate-buffered saline (PBS),
fixed in 0.5% glutaraldehyde in PBS for 4 min at room tem-
perature and rinsed twice in 1· PBS and in Fe/NaP buffer
(0.003 M Na2HPO4, 0.072 M NaH2NPO4, 0.003 M
K3Fe(CN)6, K4Fe(CN)6, 0.15 M NaCl, 0.001 M MgCl2).
Staining was performed in Fe/NaP buffer with X-Gal
(0.2 mg/ml) final concentration at 37�C. All samples were
stained simultaneously and for the same length of time
(2 h). Stained tissues were washed 4 times in 1· PBS and
examined under an Axiophot microscope (Zeiss) using
Nomarski optics.

Immunohistochemical procedures and microscopy

Ovaries were dissected in PBS and fixed in 4% formaldehyde
for 15 min. After washing in PBT, tissues were permeabilized
and blocked for 4 h in PBT at room temperature. The anti-
LacZ primary polyclonal antibody (Sigma) was diluted to
1/2000. The Cy3 conjugated anti-rabbit secondary antibody
(Molecular Probes) was diluted to 1/300. The anti a-tubulin
(Sigma) was diluted to 1/2000. The Cy5 conjugated anti-
mouse secondary antibody (Molecular Probes) was diluted
to 1/300. Light and fluorescence microscopy were performed
on Axiophot (Zeiss) and confocal microscopy was perfor-
med on an Olympus confocal microscope.
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Preparation of Pointed fusion protein

The GST-PntC construct was kindly provided by R. Carthew
(23). The GST–PntC fusion protein contains the DNA binding
domain of Pointed fused to GST. Expression of the GST–PntC
fusion protein was induced in the E.coli BL21 by addition of
0.1 mM IPTG during the log-phase bacterial culture for 4 h at
30�C. Bacteria were collected by centrifugation and the pellet
was resuspended in a lysis buffer containing an anti-proteinase
cocktail. Cells were broken by brief sonication and cleared
from insoluble material by centrifugation. Gag fusion protein
was collected from the supernatant with 500 ml of glutathione
agarose (GSH) beads (Sigma) for 1 h at room temperature.
Fusion protein was eluted from the beads by gentle shaking in
50 mM Tris–HCl, pH 9, 5 mM reduced glutathione for 10 min
at 4�C. Fusion protein yield was estimated by Bradford spec-
trophotometric analysis and the quality of each fraction was
tested by SDS-PAGE.

Mobility shift assays

The 190 bp fragment of ZAM was excised from plasmid pZ190
by an EcoRI digestion, and purified. Oligonucleotides used are
as follows: ZAMets 50-CGAACCGGGAAGCTT-30 (forward)
and 50-AAGCTTCCCGGTTCG-30 (reverse). The sequences of
the Mut oligonucleotides were 50-CGAACCGCCTTGCTT-30

(forward) and 50-AAGCAAGGCGGTTCG-30 (reverse)
(underlined nucleotides are mutated). Double-stranded
fragment probes were prepared with the Invitrogen T4 poly-
nucleotide kinase Kit and [g-32P]dATP at 3000 Ci/mmol.
The DNA binding reaction (20 ml) is carried out by incubating
44, 88 and 264 ng purified GST fusion protein or GST alone
with 20 000 c.p.m. of labelled dsDNA fragment probe in 10
mM HEPES (pH 7.9), 1 mM DTT, 100 mM KCl, 10% (v/v)
glycerol, 1 mg poly(dI–dC), 10 mg BSA for 20 min at 25�C.
DNA–protein complexes are resolved on 4% non-denaturing
polyacrylamide gels (19:1) containing 0.5· TBE. In competi-
tion experiments, a 25- or 100-fold excess of unlabeled oligo-
nucleotides was added in binding reactions.

RESULTS

Reporter constructs containing the ZAM U3 region
reproduce the follicle cell-specific expression of ZAM

The expression pattern of LTR retrotransposons is generally
governed by sequences contained within the retrotransposon
itself. We previously reported that indeed, the tissue specificity
and a strain control are determined by the ZAM LTR (8). In
order to focus on the tissue specificity of its transcription and
better localize sequences involved, we constructed plasmids
containing ZAM sequences and a LacZ reporter gene which
could mimic ZAM expression in vivo. To this end, a PCR-
amplified ZAM fragments containing the U3 region (1–310)
was fused to the E.coli LacZ gene in a P-element transforma-
tion vector. Since the 310 bp do not contain the ZAM promoter
(7), they have been cloned in a transgenic vector upstream of a
minimum hsp70 promoter fused to LacZ. This construct has
been called pZ310. It has been injected into w1118 flies, and
five independent transgenic lines were established. Using a
histochemical assay for b-galactosidase activity, we have stu-
died the expression of the LacZ reporter gene controlled by

ZAM U3 sequences. In two independent transgenic lines,
b-galactosidase activity is detected in the somatic follicle
cells located at the posterior pole of follicles all along the
ovarioles (Figure 1). This transcription of LacZ exactly repro-
duces the expression pattern of endogenous ZAM elements (1)
and of the full length LTR of ZAM when fused to LacZ
[(Figure 1A and (8)]. To define the sequence involved more
precisely, we then tested the first 190 bp from the N-terminal
part of U3 (1–190) fused to LacZ (pZ190). The established
transgenic line obtained with such a transgene expressed the
LacZ reporter in the follicle cells located at the posterior pole
of the oocyte. This indicated that the enhancer specific to this
patch of cells is contained within the 190 bp of U3. The
transgenic approaches used in this experiment demonstrate
that the tissue-specific expression of ZAM is only dependent
on sequences present in the U3 region of ZAM LTR and more
precisely in its first 190 bp.

The EGF receptor signaling pathway controls the
tissue-specific expression of ZAM

The identity of the terminal follicle cells where ZAM expres-
sion is detected, is determined by an oocyte signal transmitted
to the follicle cells by the EGF receptor localized at the surface
of the follicle cells (18). We therefore investigated whether the
EGF receptor pathway is also responsible for the tissue spe-
cificity of ZAM. For this purpose, we tested the responsiveness
of the U3 region through the pZ310 transgenes to signaling
molecules of the EGF pathway, and searched whether muta-
tions affecting this signaling also affect the expression of the
transgenes.

In the first set of experiments, we generated small marked
mosaic clones homozygous for topCO [a null allele of the EGF
receptor (Egfr) gene, also called torpedo in D.melanogaster] in
the posterior follicle cells during oogenesis, and followed their
ZAM control by staining for the b-galactosidase activity of the
pZ310 transgene. The generation of Egfr�/� follicle cell clones
were induced through FLP mitotic recombination in females
trans-heterozygous for hs-myc and topCO. One daughter of a
recombinant follicle cell carries two copies of myc, whereas
the other lacks myc and is homozygous for topCO (Figure 2A).

Figure 1. ZAM expression in the ovaries of adult females. (A) Molecular
structure of ZAM. (B) On the left, ZAM fragments placed upstream of LacZ.
Transgenes contain the full length 499 bp LTR (pZ499), the U3 region of 310 bp
(pZ310), or the 50 part of U3 up to nucleotide 190 (pZ190). For each construct,
an example of histochemical detection of b-galactosidase activity in the follicle
cells located at the posterior pole of stages 9 and 10 follicles is presented on the
right.
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In homozygous topCO clones at the posterior follicle cells of
stage 9 to 10 of oogenesis, we found that ZAM expression is
abolished (Figure 2B). The LacZ staining is specifically absent
in the mutant topCO cells whereas it is detected in the surround-
ing cells expressing myc. This pattern of expression has been
found in all the four clones generated in this experiment. Since
removal of the Egfr causes an absence of ZAM expression, we
conclude that ZAM expression is dependent on the EGF
signaling pathway.

The Pointed transcription factor activates ZAM
expression

In order to identify the transcription factor involved in ZAM
expression, we next investigated whether a transcription factor
acting downstream of the EGF receptor signaling pathway
could be involved in transducing the EGF-type signal to the
ZAM promoter (17,18). Candidate factors potentially involved
are encoded by the pointed gene that is transcribed as ZAM in
the follicle cells at the posterior pole of the oocyte. Pointed
(pnt) encodes two transcription factors, PntP1 and PntP2, con-
taining the same ETS domain that mediates sequence-specific
DNA binding (24,25).

In flies bearing the pZ190 transgene, we generated marked
mosaic clones, homozygous for pntD88, a null allele for both

PntP1 and PntP2 (19), in the posterior follicle cells. A wild-
type chromosome was marked with the GFP gene controlled
by a ubiquitin promotor which directs expression in all the
follicle cells. The chromosome bearing the pntD88 null allele
does not carry the GFP marker. Thus pntD88 homozygous
mutant cells can be easily detected due to a lack of GFP
expression. On another hand, ZAM expression is followed
by staining for the b-galactosidase activity of the pZ190 trans-
gene. Eleven mosaic clones were generated in posterior fol-
licle cells. LacZ staining was never detected in these 11 clones,
indicating that pZ190 is only expressed in cells in which
Pointed is expressed (Figure 3). Thus, we conclude that
ZAM expression depends on the Pointed transcription factors.

To further investigate the implication of Pointed in the
restricted expression of ZAM in follicle cells with a posterior
fate, we ectopically expressed pointed in another cell lineage
owing to the GAL4/UAS system (26) and examined the pZ190
expression. The GAL4 driver present in line 55B was used to
induce expression of UAS-target genes in the anterior follicle
cells at the ventral and dorsal sides of oocytes in stages 8 to 10,
which is illustrated by staining for GFP expressed from an
UAS-GFP target transgene [Figure 4 and (15)]. The Gal4 line
55B carrying the UAS-GFP transgene as a marker, was then
crossed to lines bearing Gal4-responsive pntP1 or pntP2
genes: UAS-pntP1 or UAS-pntP2. This cross led to two inde-
pendent lines with the following genotypes: [UAS-GFP/CyO;
UAS-pntP1/55-Gal4] and [UAS-GFP/CyO; UAS-pntP2/55-
Gal4] in which GFP and PntP1 or PntP2 are co-expressed
in the anterior follicle cells. Submitted to the Gal4 driver,
expression of these transgenes is thus driven in the same
cells as the UAS-GFP transgene. Their expression is then
indirectly followed through staining for GFP (Figure 4). In
a final set of crosses, pZ190 was introduced within the genome
leading to flies with the following genotypes: [UAS-GFP/
pZ190; UAS-pntP1/55-Gal4] and [UAS-GFP/pZ190; UAS-
pntP2/55-Gal4]. This allowed testing of the effects of ectopic
expression of PntP1 and PntP2, respectively, on ZAM tran-
scription by staining for b-galactosidase activity.

When ovaries dissected from females [UAS-GFP/pZ190;
UAS-pntP1/55B-Gal4] were examined no expression of
pZ190 over 10 independent clones examined could ever be
detected in the anterior follicle cells where PntP1 is ectopically
expressed (Figure 4A). In contrast, in ovaries dissected from
females with the [UAS-GFP/pZ190; UAS-pntP2/55B-Gal4]
genotype, LacZ staining due to an ectopic expression of
pZ190 generated was clearly detected in numerous cells

Figure 2. The tissue-specific expression of ZAM depends on the EGF receptor
pathway. (A) Scheme for the generation of Egfr�/� follicle cell clones. Flp-
mediated recombination was induced in females trans-heterozygous for hs-myc
and topCO, a null allele of the EGF receptor of Drosophila, torpedo. One
daughter of a recombinant follicle cell carries two copies of myc, whereas
the other lacks myc and is homozygous for topCO. (B) A stage 10 egg
chamber carrying mutant topCO follicle cell clones at the posterior pole of
the oocyte. In these mutant clones highlighted by broken lines, no LacZ
expression (red) is detected. The wild-type clones express the myc marker
(green) and LacZ at the posterior pole. In the whole structure, nuclei are in
blue due to the ToPro3 marker.

Figure 3. A loss of Pointed expression results in a loss of ZAM expression in the
posterior follicle cells. (A) Wild-type follicle cells at the posterior pole of the
oocyte. The wild-type cells express the GFP marker (green) and LacZ at the
posterior pole. (B) In a pntD88 mutant clone (highlighted by a broken line) at the
posterior pole of the oocyte, no LacZ expression (red) is detected. The overall
structure of the ovariole is labelled for a-tubulin (blue).
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located at the anterior pole of the oocyte, and expressing PntP2
(Figure 4B). As illustrated in Figure 4B, LacZ staining due to
the expression of pZ190 is not observed in all the cells expres-
sing GFP. Several reasons can be considered. First, the PntP2
transgene may not be expressed in all the cells in which the
UAS-GFP transgene is present. Second, the incomplete rescu-
ing of LacZ expression could be due to a lower level of PntP2
expression compared to its endogenous expression within the
posterior follicle cells. Third, PntP2 is active as a phospho-
rylated protein (27). When ectopically expressed, PntP2 may
be less phosphorylated and therefore less efficient. Fourth, the
transcriptional activation of ZAM by PntP2 may require a
specific co-factor expressed at a limited rate in these anterior
cells. Nevertheless, these experiments clearly show that activa-
tion of ZAM transcription may be partially recovered, in fol-
licle cells ectopically expressing PntP2. These data indicate a
functional requirement of PntP2 for proper patterning of ZAM
expression in follicle cells with a posterior fate.

Pnt interacts with an ETS binding site located
within the first 190 bp of ZAM

As Pointed is a transcription factor, there remains the question
of whether it binds to the 190 bp of ZAM directly or indirectly.
We expressed the DNA binding domain of Pointed tagged
with GST in bacteria, and performed gel-shift mobility assays
using the 190 bp fragment as a probe (see Materials and
Methods). We have found that the GST–PntC fusion protein
does indeed bind the 190 bp long probe of ZAM (Figure 5A)
while a control lysate programmed with a GST peptide alone,
with no Pointed sequence, is not. Additionally, the ability of an
unlabeled 190 bp fragment to outcompete the DNA binding
complex confirmed this result (Figure 5B).

We then proceeded to determine which site within the
190 bp is responsible for this binding, and scanned the
ZAM promoter region in silico for putative ETS binding
sites (EBS). One site potentially recognized by a Drosophila
ETS transcription factor (50-GGAA-30) was found at position
79 according to ZAM sequence (28). If the ETS transcription
factor is Pointed, then it should associate directly with this
ETS-binding site, and one would expect to see competition
when an excess of an oligonucleotide encompassing the
domain is used. This is indeed what has been obtained. As
shown in Figure 5B, the ZAMets oligonucleotide (from

nucleotides 72 to 86 on ZAM sequence, see Material and
Methods) efficiently competed with the complex. Addition-
ally, an oligonucleotide such as Mut identical to ZAMets but
with a mutated ETS binding site (see Materials and methods)
is then unable to compete with the complex (Figure 5B). These
results indicate that the transcription factor Pointed directly
binds an ETS-binding site present at position 79 within the
ZAM sequence.

If Pointed associates with the ETS-binding site of ZAM, it
should bind the ZAMets oligonucleotide in gel-shift assays.
We performed a gel-shift assay using the ZAMets oligonucleo-
tide as a probe. We have found that the GST–PntC fusion
protein does indeed bind ZAMets (Figure 5C), while a control
lysate with a GST peptide alone does not. Additionally, an
unlabeled ZAMets primer added as a 25- or 100-fold excess is
able to outcompete the DNA binding complex while Mut, the
mutated primer for the EBS is not (Figure 5C). Overall, these
results indicate that Pointed associates with an ETS binding
site located at positions 79 to 82 within the ZAM LTR.

DISCUSSION

Oogenesis involves direct interaction between germline cells
and somatic follicle cells for the successful development of
fertile eggs (29). We have found that such intercellular com-
munications from germ line to somatic line in the first instance,
and from somatic line to germ line in the second also play
crucial roles in the replication cycle of an LTR retrotransposon
ZAM from D.melanogaster. We previously demonstrated the
necessity of a somatic cell to germ cell communication for the

Figure 4. Ectopic expression of Pointed P2 results in ectopic expression of
ZAM. (A) and (B) display X-Gal staining (red) resulting from the expression of
the pZ190 transgene when Pointed P1 and Pointed P2, respectively, are
expressed in the anterior follicle cells using the 55B-Gal4 driver. The
ectopic expression of UAS-Pointed P1 and UAS-Pointed P2 is followed due
to an UAS-GFP transgene used as a marker. PntP1 and pZ190 are never
co-expressed in the anterior follicle cells, while a clear expression of pZ190
is detected in numerous cells of this lineage when PntP2 is expressed.

Figure 5. The ETS-transcription factor, Pointed, binds to an ETS-binding site
located 79 bp within ZAM LTR. The DNA binding domain of Pointed fused to
GST (GST–PntC) was used in these assays. (A) The GST–PntC protein
specifically binds the first 190 bp of ZAM. Increasing amounts of GST-PntC
used in this gel-shift assay are 44, 88 and 264 ng. In comparison, no shift is
observed with 250 ng of GST protein alone. (B) Competition experiments:
binding is tested with a 264 ng of unlabeled GST–PntC, 100-fold excess of
ZAMets and 100-fold excess of Mut an oligonucleotide mutated for the EBS
(see Materials and Methods). (C) Competition experiments: the GST–PntC
specifically binds the ZAMets oligonucleotide (from nucleotides 72 to 86
on ZAM sequence) which contains the presumptive EBS. A 100-fold excess
of unlabelled ZAMets competes with the labelled oligonucleotide for the
binding. A 100-fold excess of unlabelled oligonucleotide Mut, mutated for
the EBS, is unable to compete. The asterisk and the arrow indicate the free
probe and the gift, respectively.
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transport of ZAM particles. Indeed, ZAM particles formed
within the follicle cells take benefit of the vittelogenin traffic
to sort out of the follicle cells and enter the closely apposed
oocyte (1). Here, we show that in the first steps of its replica-
tion cycle, ZAM requires another signal transmitted by the
germ line and received by the somatic line.

The somatic transcription of ZAM depends on the
Pointed factor acting downstream of the EGF
receptor pathway

We previously reported that ZAM transcripts are detected in a
group of somatically derived cells, which are the follicle cells
surrounding the posterior part of the oocyte (1). This transcrip-
tion of ZAM implies that a tissue-specific promoter controls its
expression during oogenesis. By analyzing the long terminal
repeat and specifially introducing the U3 region (50 part of the
LTR) upstream of the reporter gene LacZ into flies (leading to
the so-called pZ310 transgenic flies), we demonstrate that this
region contains the tissue-specific enhancer of ZAM. Further-
more, a similarly restricted pattern of expression was found in
another series of transgenic flies called pZ190 that we have
generated using 190 bp of the 50 end of U3. LacZ expression
was found to be similar to that observed when the full-length
LTR or the U3 region was fused to LacZ. These transgenic
lines indicate that the essential cis-regulatory elements for the
transcriptional regulation of the ZAM promoter are included
within its first 190 bp.

It has been well described that the EGF receptor pathway is
necessary for the differentiation of these very specific follicle
cells where ZAM is expressed. Through a genetic approach, we
further demonstrated that the first 190 bp of ZAM are also the
direct target of the EGF receptor pathway. Mosaic clones of
cells homozygous for a null allele of the torpedo gene, the
Drosophila EGF receptor, were generated within the posterior
follicle cells. LacZ staining due to the pZ310 (U3–LacZ) or
pZ190 (190 bp–LacZ) transgene expression was undetected in
the clones, whereas it was present within surrounding cells
with a wild-type genotype.

Various factors have been shown to be involved in mediat-
ing a transcriptional response upon the reception of signals
from the EGF receptor pathway. Two of them are the isoforms
encoded by the pointed genes: Pointed1 and Pointed2. Ectopic
expression of Pointed2 in a subset of follicle cells with an
anterior fate of differentiation (instead of a posterior fate as
necessary for ZAM expression) has shown that the presence of
Pointed2 causes an ectopic expression of the pZ190 transgene
in these anterior follicle cells. This result contrasts with what is
observed in a wild-type background or with ectopic expression
of Pointed1 in the anterior follicle cells, which does not allow
ZAM expression within those follicle cells with an anterior
fate. Our data therefore indicate that Pointed2 is a necessary
positive effector in ZAM expression. Pnt2 is required for
proper cell determination during various stages of Drosophila
development: in the eyes or during the development of renal
tubules (30–32). Nevertheless, expression of endogenous ZAM
elements has never been detected in these tissues. Similarly,
when we ectopically expressed Pointed2 in the eyes under
control of a Glass-Gal4 driver, no LacZ staining resulting
from the ectopic expression of pZ190 could be detected
(data not shown). These results indicate that the expression

of PntP2 is necessary but not sufficient to activate ZAM.
Additional co-factors are almost certainly required for a
refined regulation of its transcription in the specific tissue,
i.e. the ovaries. Such co-factors have not been identified
yet, however, we have to stress the fact that, at this time of
our study, Pointed1 cannot be definitely discarded as a poten-
tial candidate. Indeed, if PntP2 acts in parallel or downstream
of PntP1, our experiments would not have allowed us to detect
its involvement in ZAM transcription.

Whatever the multiple factors involved, we have provided
further evidence that Pointed, and its ETS-binding site com-
mon to PntP1 and PntP2, is able to activate ZAM transcription
via its direct binding to cis-regulatory elements present in the
responsive target of 190 bp. In silico we have found that an
ETS binding site (50-GGAA-30), located within the 190 bp at
position 79 according to ZAM sequence, is indeed the precise
target DNA sequence recognized by Pointed. Overall, these
data indicate that Pointed binds ZAM LTR and is a key factor
in determining the strict expression of ZAM in the follicle cell
layer in response to a signal emitted by the oocyte.

An outcome of the present investigation is that genes that
are regulated by the Pointed factor and participate in differ-
entiation of the posterior lineage of follicle cells could be
identified by using the characterized target DNA sequence
of ZAM as an easily detectable marker. Thus it provides an
entry point to monitor the EGF receptor pathway and study
mechanisms of posterior follicle cell induction and patterning
in Drosophila at the transcriptional level. Additionally, our
study provides an experimental tool, the ZAM promoter, which
can be specifically used to direct expression of any transgene
to the posterior pole of the oocyte.

Biological significance of a retroviral cycle starting
within a somatic tissue, whereas its ultimate insertion
occurs within the germ line

At the biological level, an intriguing question yet to be
answered is why ZAM expression takes place in a somatic
tissue in response to a signal (Gurken) transmitted by the
oocyte while novel insertions are precisely known to occur
in the germ line (7,33). We can hypothesize that it is advant-
ageous for the retrotransposon to produce its transcripts in
somatic cells to circumvent transcriptional arrest of the oocyte
during meiosis. Alternatively, a high expression of ZAM
occurring directly within the germ line might generate too
many proviral copies of ZAM and be deleterious for the
next generation. In the course of evolution, an adaptive strat-
egy to limit the extent of ZAM insertion within the germ line
could have led the element to be expressed outside of the germ
line. Expression within a somatic lineage and its subsequent
transfer to the germ line could decrease the efficiency of its
insertion and confer a selective advantage. Alternatively, some
defence mechanism may specifically protect the germ line
from the presence of any retroviral/retrotransposon RNA.
This constraint may have led ZAM to adopt a novel strategy
to invade the germ line. It starts its replication cycle and
assembles viral-like particles (VLP) in a somatic tissue of
the reproductive apparatus. While encapsidated in particles,
the RNA genome is converted into a cDNA. When VLPs enter
the closely apposed germ line by virtue of retroviral infection,
DNA copies of the retroelement are no more recognized by the
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host defence selectively addressed against RNA invasions.
The retroviral element can then complete its replication
cycle leading to insertion within the host germ-line.

Recent studies implicate the biological role of dsRNA-
mediated silencing as a transposon repression and antiviral
mechanism (34–37). This host surveillance system is known
to be active in the germ line (38,39) and could certainly
account for such a protection against LTR retrotransposons.
However, numerous questions remain to be addressed to dem-
onstrate whether this mechanism could have acted as an evo-
lutionary constraint, resulting in ZAM, and potentially some
related elements being transcribed in the somatic lineage.

This expression of ZAM within a somatic tissue apposed to
the germ line is reminiscent of what is observed for some
mouse or chicken viruses (40,41), or for endogenous retroviral
particles which are massively expressed in the human placenta
(42,43). A question raised by our data is: could some HERVs
be expressed in placental tissues because of a signal emitted by
the fetus? The fetal tissue would then be responsible for the
acquisition of specific trophoblastic functions that have been
attributed potentially to HERVs, such as protection against
retroviral infection, protection of the fetus against maternal
immune system, or placenta morphogenesis through fusogenic
effects (44,45). Although the question is open, it would be
worth studying signals coming from the fetus, that could ulti-
mately be responsible for endogenous retroviruses activation
in the placenta.
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